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Abstract 
Alumina improves the properties and depresses the devitrification of soda-lime-silicate glasses. Herein, the influence 
of alumina on the glass transition temperature, density, chemical durability, crystallization of lithium-iron-phosphate 
(LIP) glass has been investigated. As alumina was added to replace the iron oxide in a base LIP glass with the molar 
composition of Li2O:Fe2O3:P2O5=30:20:50, the alumina-containing glasses have increased Tg, densities and chemical 
stabilities than the base glass. When the amount of alumina is increased from 2 to 6 mol, the Tg value slightly 
increases, whereas the density decreases. However, the smallest weight loss is shown for the glass containing 3.2 mol 
of alumina. The variations of the properties with alumina are explained based on the infrared structure analysis 
results. In addition, it is found the either the base or the alumina-containing glasses have surface crystallization upon 
heat-treatments. Under the same treatment conditions, the base glass exhibits a thin layer of crystallization with 
LiFeP2O7 as the main phase. In contrast, alumina-containing glasses show much higher degree of crystallization, 
which is further increased with the amount of alumina. This trend is opposite to that of silicate glass. Besides the 
LiFeP2O7 main phase, Fe7(PO4) phase is also identified in the crystallized alumina-containing glasses. 
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1. Introduction 
Iron-phosphate glasses may find application in nuclear waste solidification, bioengineering and lithium 
battery cathode materials [1-3]. We have shown that the addition of alkaline or alkaline earth oxides could 
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alter the physical and chemical properties of lithium-iron-phosphate glasses [4]. It is well know that a 
small addition of alumina into soda-lime-silicate glasses could increase the glass viscosity, density and 
chemical durability of the glasses. In the meantime, the devitrification of the silicate glasses could be 
depressed upon the introduction of alumina [5]. In this work, alumina was used to substitute of iron oxide 
in an LIP glass, the influence of the substitution on the glass transition temperature, density, chemical 
durability, crystallization of lithium-iron-phosphate (LIP) glass has been investigated. The results enrich 
the understanding of the roles that additional oxides in the LIP glasses. Especially, the unexpected effect 
that alumina benefits the crystallization of the LIP glasses provides a useful way to prepare crystallized 
LIP glasses which might be used in lithium ion batteries and magnetic fields.   
 
2. Materials and methods 
LIP glasses with a composition of 30Li2O-(20-x)Fe2O3-xAl2O3-50P2O5 were prepared by the traditional 
melting-quenching method. Based on the amounts of alumina additions, the glass without alumina was 
encoded as L30F20 and those with alumina were designated as Alx (x=2, 3.2, 4.8, 6mol%) based on the 
contents of alumina. Analytic grade of Li2CO3, Fe2O3, Al(OH)3 and NH4H2PO4 were used as the reagents. 
All materials were proportionally weighted and mixed. The prepared glass batches were melted in sintered 
silica crucibles at 1200oC for 1h and then annealed at 350oC for 1h.  
Differential thermal analysis (DTA) was performed on an HCT-1 (Henven, China) thermal analyzer. 
An empty alumina crucible was used as reference. The ramping rate was 5oC /min during the DTA 
analysis. The activation energies of crystallization of the glasses were calculated using the Kissinger 
method [6] based on the DTA results obtained under the heating rates of 5, 7.5, 10, and 12.5 oC/min. 
Fourier Transform Infrared (FTIR) spectra of the samples were recorded on a Vertex-70 spectrometer 
(Bruker, Germany). Fine glass powders were mixed with KBr and pressed into discs for the FTIR 
measurements. The density of glass was measured based on the Archimedes principle. The chemical 
stability of the glass was evaluated by measuring the weight losses of glass particles having been boiled in 
water for 2 hours. The glass particles are sized in-between 425-250 microns. For each sample, three 
parallel tests were performed for the density and the chemical durability measurements. The data 
presented herein are the averaged values. For the thermal treatments, glass blocks were heated with a 
heating rate of 5oC/min to 530 and 580oC for 1h. After the thermal treatments, the samples were crushed 
and ground to powders. Powder X-ray diffraction analysis was carried out on a D8-Advanced X-ray 
 
3. Results and discussion 
The IR spectra of the L30F20 and Alx glasses are shown in Figure 1. It can be seen that the addition of 
alumina result in three characteristic changes in IR spectra [7]. First, the band correspondent to the 
bending vibration of and the asymmetric stretching vibration of P-O-P bonds shift the larger wave-number 
positions. Second, the band related to the vibration of P=O become weaker. In addition, the band at 
around 760 cm-1, which is ascribed to stretching vibration of P-O-P bonds, becomes sharp with the 
addition of alumina. This might be due to the formation of P-O-Al bonds in the Alx glasses [8]. All the 
above changes in the IR spectra suggest that the LIP glass network become more compact after the 
addition of alumina. Alumina mainly strengthens the glass network by linking the phosphate chains.   
Depicted in Figure 2a are the DTA curves of the LIP glasses with different alumina additions. The 
detailed Tg values with the amount of alumina are shown in Figure 2b. It can be seen that the alumina-
containing glasses (Al2,Al3.2, Al4.8, Al6) show much higher transition points than the base glass 
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L30F20. This increase in the Tg value is due to the strengthening of the glass network. However, from Al2 
to Al6, Tg slightly increases with increasing alumina, as aluminum ions are smaller in size than iron ions 
and more easier to move in the glass network [5]. 
 
Fig. 1  IR spectra of the LIP glasses   
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Fig.3 The densities (a) and the weight losses (b) of the glasses with different amounts of alumina  
 
 
 
Fig. 4 The crystallization activation energies (a) and XRD patterns (b) of the glasses  
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The densities of the LIP glasses containing different amount of alumina are compared in Figure 3a. It 
can be seen that Al2 glass has a larger density than Al0. This can also be attributed to strengthened glass 
network with the initial alumina substitution. Further increasing the amount of alumina, the density of 
glass becomes to decrease, because alumina has a smaller molecule weight than Fe2O3.  Figure 3b shows 
the weight losses of the glasses after being boiled in water for 2h. The results indicate that the weight 
losses of the LIP glasses containing alumina are generally smaller than that of the one without alumina. 
However, the relationship between the weight loss and the content of alumina is not monotonic. A slight 
increase in the weight loss is observed when alumina is more than 3.2%.  
The activation energy of crystallization, E, of the glass samples was calculated using the Kissinger 
method. From Figure 4a, it can be seen that E of the alumina containing glasses are generally larger than 
that of the pure LIP glass. Al2 glass has the largest E value among all the samples. When the amount of 
alumina is further increased, E first decreases and increases again.  All the samples exhibited surface 
crystallization after being thermally-treated. Under the same treatment conditions, Al0 glass has the 
thinnest crystallized surface layer. With the increase of alumina, the thickness of the crystallized surface 
layer increases. Figure 4b shows the XRD patterns of glasses treated at 530oC for 1 hour. The crystalline 
phase in the base glass is found to be a single phase of LiFeP2O7. However, the addition of alumina, on 
the one hand improve the crystallization of the LIP glasses. On the other hand, a second phase of Fe7(PO4) 
is observed. 
 
4. Conclusions 
In lithium-iron-phosphate glass, the substitutions of Fe2O3 with Al2O3 result in changes in the physical 
and chemical properties of the base glass. The alumina-containing glasses generally have increased Tg, 
densities, chemical stabilities and crystallization activation energy than the base glass. The infrared 
spectra measurements suggest these increases are mainly attributed to the network strengthening effect of 
the added Al2O3.  However, these properties do not change monotonically with the amount of   Al2O3, 
because alumina on the other hand has a smaller molecule weight and ion radius which would reduce the 
density, chemical durability and viscosity. In addition, the addition of alumina leads to the crystallization 
of Fe7(PO4), besides the main phase of LiFeP2O7. 
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